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A FIELDABLE CC’PUTER SYSTEM FOR DETERMINING
GAMMA-RAY PULSE-HEIGHT DISTRIBUTIONS, FLUY SPECTRA,
AND DOSE RATES FROM LITTLE BOY

C. E. Moss, M. C. Lucas, and E. W. Tisinger
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

M. E. Hamm
Technical Programming Services
Pieasanton, California 94566

ABSTRACT

Qur system consists of a LeCroy 3500 data acquisition system
with a built-in CAMAC crate and eight bismuth-germanate detecto:s
7.62 cm in diameter and 7.62 cm long. Gamma-ray pulse-height distri-
butions are acquired simultaneously for up to eight positions. The
system was very carefully calibrated and characterized from 0.1 to
8.3 MeV wusing gamma-ray spectra from a variety of radioactive
sources. By fitting the pulse-height distributions from the sources
with a function containing 17 parameters, we determined theoretical
response functions. We use these response functions to unfold the
distributions to obtain flux spectra. A flux-to-dose-rate
conversion curve based on the work of Dimbylow and Francis is then
used to obtain dose rates. Direct use o7 measured spectra and
flux-to-dose-rate curves to obtain dose rates avoids the errors that
can arise from spectrum dependence in simple gamma-ray dosimeter
instruments. We present some gamma-ray doses for the Little Boy
assembly operated at 1low power. These results can be used to
determine the exposures of the Hiroshima survivors and thus aid in

the establishment of radiation exposure 1limits for the nuclear
industry.
INTRODUCTION sfons. For many years we have be-
Jieved that the output from
Most o0f our radiation safety Nagasaki explosion was well deter-
guidelines 1in tne nuclear 1ndustry mined but that the output from the

are based on the data concerning tihe
survivors of the nuclear explosions
at Hiroshima and Nagasaki. Crucial
to determining these guidelines fis
the radiation output cf the explo-

Hiroshima explosion was less certain.

As part of a recent effort to more
accurately determine the output at
Hiroshima we have measured the



gamma-ray pul;e-height distributions
from a replica of the Hiroshima de-
vice operating at accurately known
power levels near critical. We then
used a ccmputer code developed at Los
Alamos to convert these distributions
to flux distributrions, dose-rate dis-
tributions, and integral doses. In
the present paper we describe our
equipment and analysis techniques and
present some results. Oirect use of
measured spectra and the flux-to-
dose-rate rurve to obtain dose rates
avoids the errors that zan arise from
spectrum dependence in simple gamma-
ray dosimeter instruments.

EQUIPMENT AND METHODS

We used two systems to study the
gamma rays from the Little Boy device.
We used a bismuth-germanate (BGO) de-
tector to measure pulse-height distri-
butions, which we then converted to
fluxes and dose rates. We used @
high-resolution germanium detector to
identify the gamma-ray lines.

The BGO detector, obtained as an
integral as embly from the Harshaw
Chemical Company, contained a 7.62-cm-
diameter by 7.62-cm-long BGO crystal.
Bismuth-germanate is a relatively new
scintillator that is replacing NaI(71)
in many applications. We chose BGO
because of 1its high photopeak effi-
ciency, large peak-to-total ratio,
and its insensitivity to neutrons
(Hdusser et al. 1983). The large
peak-to-total ratio means that the
tail nf the response function 1c small
and hence complex spectra can be more
easily analyzed. One disadvantage of
[.U is its poorer resolution relative
to Nal(T1). For the present applica-
tion, however, the resolution is not
important. At 662 keV, the resolution
of our detector was 14.6%, which is
about a factor of 2 1.rger than that
of a similar size Nal(T1) detector.

Our BGO system allows us to measure
gamma-ray spectra at up to eight posi-
tions simultaneously. However, only
one detector was used because we could
adjust the power level of the Little
Boy device and the data could be ac-
quired quickly at each position.

We acquired the BGO pulse-height
distributions with standard analog
electronics and a LeCroy 3500 data
acquisition systen (Figure 1). The
analog electronics included a Tennelec
TC 105 preamplifier and a Tennelec
TC 241 amplifier. The LeCroy system,
based on an Intel 8085 microprocessor,
supports FORTRAN. Peripherals include
a video display, 1ight pen, dual-drive
floppy disk unit, printer, plotter,
video hardcopy unit, built-in CAMAC
minicrate, and 1200-baud modem. For
the BGO measurements we used the fol-
lowing CAMAC modules: an eight-input
LeCroy 3542 mixer/router, an 8192-
channel LeCroy 3511 aralog-to-digital
converter, and a LeCroy 3541 timer.
Since CAMAC 1s the electronics stan-
dard in high-energy physics, hundreds
of different types of modules are
available for configuring a vast vari-
ety of experiments. For complicated
experiments, the CAMAC minicrate can
be expanded with up to seven full-size
CAMAC crates. We use the 1200-baud
modem for transferring data from the
LeCroy 3500 to the central computing
facility at Los Alamos. The modem
allows the LeCroy 3500 to function as
a terminal for running large programs
at the computing facility that are not
practical to run on the LeCroyv 3500.

The germanium detector for the
high-resolution measurements was a
Princeton GammaTech high-purity
detector with an efficiency of 21%
relative to a 7.62-cm-diameter by
7.62-cm-long  Nal(T1) detector at
1332 keV. The resolution was 1.8 keV
(full width at half maximum) at



Figure 1.
NIM bin electronics.

LeCroy 3500 data acquisition system and
The shipping box under the

NIM b electronics is for the LeCroy 3500 system.

1332 keV. The detector had an all-
attitude dewar for 1liquid nitrogen
with a holding time of 20 hr. This
facilitated positioning the detector.

For the BGO measurements and some
of the high-purity germanium measure-
ments the Little Boy device was sup-
ported outdoors on a stand (Figure 2);
the geometrical center of the core of
the device when operating was 4.0 m
from the ground. The amplifier was
rlose to the detector and connected
to the LeCroy 3500 in a control room
400 m away via a coaxial cable. The
degradation of the signals by the
long cables was significant for th2
high-purity germanium detector but
not for the BGO measurements.

To obtain high-purity germanium
pulce-height distributions with good
resolution we made another series of
measurenents with both the analog
alectronics and an analyzer near the

germanium detector. We used a Tenne-
lec TC 205A amplifie~ and a Tracor
Northern 1710 analyzer equipped with
an 8192-channel ADC and remote control
module. e controlled the analyzer
with a terminal in the control room
using shourt-haul modems on a twisted
pair cable. For these measurements
the Littie Boy device and stand were
located in a concrete building. We
believe the line intensities were not
changed significantly by the building
from what they were outside. However,
the continuum 1in the spectrum that
includes scattering from the surrcund-
ings was changed.

CALIBRATION AND ANALYSIS

We calibrated the system from 122
to 8284 keV using radioactive sources
end reactions. The gamm. ray "581nt"
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Figure 2.
stand outdoors.
arm extending out from the device at
90° 1is the high-purity germanium de-
tector in an all-attitude dewar. The

The Little Boy device on a
The detector on the

arm can be rotated up to 0°. Two mon-
itor detectors can be seen. One is to
the left of the Little Boy device; the
second is on the lower right side of
the stand. The PortaNIM bins on the
ladder are for the germanium detector.
The two NIM binc at the lower right
are for the BGO detector.

reactions used were the 9Be(a,n)12C
reaction in a p1uton18m-bery1]1um
source and the 14N(o,Y)1%0 reaction
produged in ? Van de Graaff target.
The 7Be(a,n)'2C reaction Rroduce a
4439-keV gamma ray; the ! N(p,y) '90
produces a 8284-keV gamma ray at the
1056-keV proton energy resonance. The
calibration was extended to such a

high energy because the highest energy
gamra ray from the Little Boy device
with significant strength was the
7645-keV  line from Fe(n,Yy). The
photopeak efficiency was calculated’
by fitting a polynomial containing cix
parameters to &n(efficiency) versus
tn(energy). Detailed s*udies of BGO
efficiency will be reported elsewhere.

To determine the detector response
as a function of energy, we fitted an
analytical curve containing 17 param-
eters to pulse-height distributions
from some of the sources using a gen-
eralized least-squares progrim on a
Control Data Corporation (CDC) 7600
computer. The photopeak, first and
second escape peaks, and the back-
scatter peak were approximated by
energy-dependent Gaussian functions.
The Compton distribution was approxi-
mated by an energy-deperdent Gaussian
function plus another function. De-
tails of these calculations are given
ir (Moss et al. 1984), Figure 3 shggs
the fit of this function to tne Y
pulse-height distribution. [igure 4
shows plots of the analytical response
functions for 500- and 5000-keV gamma
rays.

We used the resultiny response
functions in a stripping procedure to
calculate the flux in photons/cmz/sec
as a function of energy. Starting
with the highest energy bin we assumed
that all the counts in that bLin were
in a photopeak. Using the photopeak
efficiency curve we calculated the
corresponding flux 1in photons/cmz/sec
at the photopeak. We also calculated
the tail corresponding to this photo-
peak and subtracted it from ail the
lower bins in the pulse-height distri-
bution. Next we considered the second
highest bin in the pulse-height dis-
tribution and assumed that all of the
counts in that bin were in a photopeak
because the tail from the highest bin
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Figure 3. FitL of the analytical re-

sponse function (curve) to the meas-
ured gamma-ray pu]se]E§1ght distribu-
tion (points) from Y. The peaks
are labeled with the gamma-ray ener-
gies in keV.

had been subtracted. The procedure
was repeated until the lowest bin was
reached.

We converted the resulting flux
distribution to a dose-rate distribu-
tion using a flux-to-dose-rate curve
(Figure 5) based on the work of Dim-
bylow and Francis (1979). 1In the past
other conversion curves have been pro-
posed (American Nuclear Society Stan-
dards Committee Working Group 1977).

RESULTS

We identifled the gamma-ray lines
from the Little Boy device from a
high-resclution  distribution  (Fig-
ure 6) ecquired with the high-purity
germanium detector. As expected, the

lines from Fe(n,yY) are dominant,
especially the 7645- and 7631-keV
lines. The 1001 keV,

Tines it 766,
and higher fr?g 234m 5 (which 1s a
daughter of 8y) are present but
only moderately strong because of the
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Figure 4. (alculated response func-

tion for a 500-keV gamma ray (top)
and a 5000-keV gamma ray (bottom).
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Figure 5. Gamma-ray flux-to-dose-rate
curve based on the work of Dimbylew
and Francis.



shielding provided by the massive
steel case. Similarly the fission
product lines are weak and only the
isrongest on - :, such as those from

OLa, can be seen. There are many
moderate to weak lines from the
activation of the steel and other
structural niaterial.

Results at (0°, 2 m) and (90°,
0.75 m) are shown in Figures 7 and 8,
respectively. Zerc -egrees is along
the cylindrical axi; at the rnunded
end of the device and 90° 1is perpen-
dicular to the axis. The distances

figure the binned pulse-height distri-
bution, flux distribution, and dose-
rate distribution are shown. The 7.6-
MeV peak from Fe(n,y) is the most
prominent feature. The integral of
the dose-rate distribution over energy
is the total gamma-ray dose rate.

The integ~al doses up to 11 MeV
at various positions around the Little
Boy device, ncrmalized to the number
of fissicns, are presented in Figure 9
and listed in the Table. The number
of fissions is based on one of the
monitor detectors that H. M. Forehand

ai & rmeasured from the center of the and G. E. Hansen of Los Alamos Na-
core when it is assembled. In each tional Laboratory calibrated very
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Figure 6.
at (90°, 2 m).

High resolution pulse-height distribution measured
The acquisition 1{¥e time was 3000 sec and the
number of fissions was 1.81 x 10'c,

The maior peaks are la-

beied with the radioactive nuclide and the qamma-ray energy

in keV.



mrem/h/BIN PHOTONS/cm?/s/BIN COI%TS/BIN

| L 1

0 2 4 6 8 10
ENERGY (MeV)

Figure 7. Sinned pulse-height distri-
bution (top), flux spectrum (middle),
and dose-rate spectrum (bottom) from
the Little Boy device at (0°, 2 m).
The 7.6 MeV peak from Fe(n,y) 1s the
most prominent feature of the distri-
bution.

carefully from
ments. In previous wvork on devices
that produced negligible gamma-ray
intensity above 5 MeV we assigned a
total uncertainty of 7% to our
results based on measurements of
calibration sources. In the present
work the spectra extend well above
5 MeV where the detector efficiency
and response functions 1ire more un-
certain., We assign a total uncertain-
ty of $15%4 to our present results.
A point at (60°, 2 m) is not shown
because we believe our measurement
was nol valid here; there was no op-

independent experi-
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Figure 8. Binned pulse-height dis-
tribution (top), flux spectrum (mid-
dle), ard dose-rate spectrum (bottom)
from the Little Boy device at (90°,
0.75 m). Again the 7.6-MeV peak is
the most prominent.

portunity to repeat the measurement.
The dip at (30°, 0.75 m) corresponds
to the maximum diagonal thickness of
steel.

CONCLUS:ONS

We have described a fieldable
system for determining gamma-ray flux
spectra and dose rates. We use a
tlux-to-dose-rate curve to obtain dose
rates and thus avoid the errors that
can arise from spectrum dependence in
simple gamma-ray dosimeter instru-
ments.
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Figure 9. Log polar plot of the
gamma-ray dose rates up to 11 MeV
around the Little Boy device nor-

malized to the number of fissions.
The dip at (30°, 0.75) corresponds to
the maximum diagonal thickness of the
steel case.

We have presented some doses
around the Little Boy device nermal-
ized to the number of fissions. Our
values can be used to calculate the
gamma-ray output of the nuclear ex-
plosion at Hiroshima.

We are continuing to refine our
calibration and aralysis, especially
above 5 MeV. We hope to have more
precise values in the future for com-
parison with other experiments and
calculations.
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TABLE. Normalized Doses At Positions

Around the Little Boy Deviced

Dose (mrem/1013 fissions)
at Distance to Source

Angle from

Vertical (°) 2.486m 2.0m 0.75m
0 0.358 0.462 2.65
15 0.354 0.452 2.40
30 0.413 0.544 2.05
45 C.500 0.665 2.96
60 0.623 -—- 4.62
75 0.704 0.865 5.62
90 0.749 1.03 6.58

AThe uncertainties cn all BGO values

are =15%.
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